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SUMMARY

The magnitudes of the pressure fluctuations were measured in the
turbulent wakes of restrained two-dimensional airfoils at transonic
speeds. The L-Poot-chord models had NACA 651;213 and 23013 wing sec-
tions. Detailed wake dats for the model with the NACA 23013 section
: only are presented in this report through = range of Mach numbers from

0.6 to 0.8, a range of angles of atback from -2° to +5°, and a range of
Reynolds numbers from 9 to 11 million.

The measurements indicate that total-pressure fluctuations ocecurred
only within the wake, that is, in the region of time-average total-
pressure loss. Also, limited data indicste that, at least for the
severest test condition, angle Ffluctuations were essentially within this
wake. The maximm total-pressure fluctustions occurred in the portions
of the wake vwhere the gredients of the time-aversge total-pressure loss
were meximum.

A method of defining wing buffet boundaries in terms of pressure
fluctuations in the wake is discussed. Curves are presented showing the
variation with Mach mumber of the wing 1ift coefficient at which hori-
zontal talls at various locatlons would enter the irregular wake. Under
such conditions teil buffeting could occur and thus & buffet boundary
would be established. Thege curves are compared wilth the measured buffet
boundary of an sirplane having & similsr wing section.

The frequencles of the pressure fluctustions in the wake appeared
random unless periodic shock motion existed on the wing. With the
appearance of shock oscillation, the oscillation frequency could some-
times be detected in the wake.
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Buffeting frequenciles from 16 to 20 cycles per second were found at
140 engle of attack on the airfoll with the NACA 23013 section. JFrequen-
cies on the airfoll with the NACA 657~213 sectlon at 4° angle of attack
varied from 20 to 25 cycles per second and from 45 to 55 cycles per
second. For this model &t 0° angle of sttack, predominant buffeting
frequencies were in the range of 41 to 44 cycles per second.

INTRODUCTION

Alrplanes fiying near the maximum 1ift coefficient at low subsonic
speeds commonly encounter buffeting. This low-speed buffeting is attrib-
uted either to wing buffeting caused by aressgs of separated flow on the
wing, or to tail buffeting caused by the tail entering the fluctuating
wake emanating from regions of irregulsr flow.

Buffeting at transonic speeds is often encountered at lower Lift
coefflcients znd 1s usually attributed to shock-induced separation of the
boundery layer on the wing. The frequent occurrence of tail buffeting
undexr these conditions indicates the continuing need for quantitative
evaluation of the flow fluctuaticne in the wakes of wings.

The flow separation precipitated by shock waves on the wing causes
marked changes in the wake characteristice: +the weke wldth sharply
Increases, snd the ilrregularity of the flow in the wake becomes increas-
ingly severe. (See reference l.) In the rapidly oscillating flow over
alrfolls at supercritical speeds, both the angle of departure of the
wake and the position of the shock wave may vary at high frequenciles.
(See reference 2.) Also, the frequency of shock-wave motion mey couple
with any wing motion such as sileron oscillation. (See reference 3.)
Periodic pressure pulsations at shock-motion frequencies might, there-
fore, be expected in the wake. If the frequency of these pressure
pulsations is nesr the natural frequencies of tail surfaces, there is a
possibility of tail resonance. (See reference 4.)

Thus, some knowledge of the magnitude snd fregquency of total-
pressure and stream-angle fluctuations in the weke is necessary in eir-
craft design concerned with minimizing tail buffeting. One of the few
previous trangonic investigaetions of the downwash fluctuations behind a
three-dimensional, high-aspect-ratio wing was made by Ferrl (reference 5)e

The purpose of the present investigation was to obtaln fundamental
data on the vertilcal extent, msgnitude, frequency, and other character-
istics of the pressure fluctuations in the wakes of two-dimensional,
restrained wings. _ .
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Total-pressure fluctuations in the wake were measured using
electrical pressure cells. Simlilar pressure cells mounted flush with the
wing surfaces were used to determine the amplitude and frequencies of
wing-pressure changes for compsrison with simultaneocusly measured pres-
sure pulsations in the wake.

SYMBOLS

a velocity of sound, feet per second

d distance between point of minimm pressure and tralling edge of
the airfoil, feet

b ig frequency, cycles per second

serodynamic freguency, cycles per second

o

average total-pressure loss 1n wake, pounds per squere foot

BD‘

double amplitude of total-pressure fluctuations in the wake,
pounds per square foot

pressure-loss coefficient

»

pressure~fluctuation coefficient

free-gtream Mach number
critical Mach number

free-stream dynamic pressure, pounds per square foot

f o [.‘,z z‘o|gmb‘

angle of attack, degrees

APPARATUS AND INSTRUMENTATION

Tunnel and Model

Two walls spaced 18.5 inches apart were installed in the Ames
16-foot high-speed wind tunnel to form a two-dimensionel chanmnel and the
model was supported as shown in figure 1.
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Measurements of the pressures alotig the walls of the two-dimensional
channel were made with the model removed. Three horizontal rows of pres-
sure orifices extending from the leading to the trailing edge were
installed in each wall 9 inches epart, with the center row pessing through
the model location. The results shown in figure 2 are for the center row
on one wall; the results for the other rows were essentlally the same.

Without the model in place the total-pressure fluctuations between
the walls, measured with the weke-survey instrument, were 1.0 percent or
less of the free-stream dynamic pressure, whlle the stream-angle fluctu-
ations were of the order of *0.l.

The two 4-foot-chord models with NACA 23013 and 651-213 (a=0.5)
sections had 18-1/8-inch spans. The spaces between the models and the
mounting walls were sealed with sponge rubber. The models were of solid
wood construction forward of the midchord with 1/8-inch, internally
ribbed, eluminum plates from the midchord to the control hinge line.

The chord of the flaps was 25 percent of the over-sll chord, and the’
flaps were of wood-rib and stressed-skin comstruction. The flape were
restrained by means of & control-surfece srm within the mounting walls.
The flush-type, electrical pressure cells were located along the upper
and lower surfaces at the middle of the span of the models.

Wake-Survey Instrument

A diagrammatic sketch of the experimental setup is shown in
figure 3(a). The wake-survey instrument was attached to a horizontal
sting which was supported by & vertical strut. The vertical position
of the rake was sdjusted as desired. An extension an the sting
allowed the horizontal distance from the trailing edge of the model to
the instrument to be changed from 70 percent to 20 percent of the
airfoll chord.

The instrument to determine wake fluctustions by use of pressure
cells 1/2 inch in dlemeter is shown in more detail in figure 3(b). The
center cell was 1nset 1/8 inch while the upper and lower cells were
flush with the surface. A typlcal record of the effect of alr-stream
turbulence at a Mech number of 0.8 with the tunnel empty is shown in
figure h(a). The turbulence in the wind tunnel wae small in comparison
with the magnitude of the fluctuations messured with the model in the
tunnel. (Bee fig. 5.)

To determine whether the 1/8-inch-inset center pressure cell was

insensitive to stream-angle fluctuations, the wake-survey instrument was
oscillated &t 5 and 10 cycles per second through an included pltch angle
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of 8.5°. Typicsl records from such tests are shown in figure 4(b); they
indicate the desired lack of sensitivity of the center pressure cell to
changes in stream angle.

Since the dynamic pressure was constant during these tests, the
electrical summation of the difference in pressure between the upper and
lower cells shown in figure 4(b) indicates the effect of stream-angle
veriation. In figure 4(b), an upwerd movement of the traces indicates a

decrease in pressure on the upper cell and an increase in pressure on the
lower cell.

It must be recognized that with the wake survey instrument in the
downwash of the model, and therefore at an angle to the local flow direc~
tion, a fluctuation of total pressure will csuse an apparent angle change
to be indicated by the upper and lower cells. Hence, the angle change
indicated by the trace of the electricsl sumation of the two cells is
affected by a fluctuation of total pressure, and a variation of stream
angle, as well as other Ffactors such as the phase relation between
total~pressure and stresm-angle fluctuations and the physicel size of
the wake survey instrument.

Even though the measured angle changes are not sgolely due to stream-
angle fiuctuations, the data do provide an indication of the vertical
extent of stream-angle Pluctuetiomns in the wake. The measured angle
veriation indicated by the upper snd lower pressure cells of the wake
survey ingtrument is therefore deflned as an effective gtreasm~angle
variation which can include factors other than stream-angle varistion.

The pressure cells of the wake-survey instrument were cepped and
sealed to determine whether any pressure-cell response occurred due to
the vibration of the wake-lnstrument support system by the fluctusting
wake of the wing. That no such response occurred is illustrated in
figure 5, which shows osciliograph traces from the center pressure cell
in the capped and uncapped condition.

Static calibration of all pressure cells showed linear response to
external pressure or vacuum, and the slope remained unchanged within the
temperature and pressure range encountered during the tests.

Electrical Instrumentaetion

A block diagrem of the electrical instrumentation used is shown in
figure 6. The basic electronic apparatus described in reference 6 was
used, although the carrier-current amplifier was modified to improve the
frequency band pass.

R
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A switching srrangement wes provided so that visual as well as
recorded data could be cbtained. The visual data were read on &
vacuum-tube voltmeter. Since the vacuum-tube voltmeter was calibrated
to measgure the root-mesn-square value of the oscillating voltage, the
average indicated values were multiplied by 1l.414 to obtain the average
peak-~to-peak values. The value l.41l4 was selected on the arbiltrary
asgumption that nearly all the fluctuations were of a sinusocldsl neture.
The over-all frequency respouse showing the attenuation of the visual
and recording systems 1s presented in figure T. The amplitude response
of the pressure cell was flat for the range of frequencies shown in

figure T.

Static calibrations of each pressure cell were made by changing the
pressure in known lncrements inslde the cell and reading the change in
electrical output of the cells on & direct-current voltmeter.

TESTS

With the Mach nunber and angle of attack held constant and the
wake-gurvey lnstrument 0.70O-chord length behind the trailling edge of the
airfolil, the wake-survey instrument was moved vertically through the
wake, and data were taken from one-half chord length below to one chord
length above the horizontel plane of the control-surface hinge Iline of
the NACA 23013 airfoil. This procedure was repeated with the wake~
survey instrument 0O.2-chord length behind the trailing edge of the air-
foil. The Mach number range was from 0.6 to 0.8 for angles of attack of
-20, 00, +20, +40, and +5°. The Mach numbers were corrected far con~
striction effects by the methods of reference 7. The Reynolds number
varied from 9 te 11 million. For each test condition the asverage root-
mean-square value of the total-pressure fluctuation in the wake was read
on the vacuum~tube voltmeter. The average root-mean-square of the
effective stream-angle fluctuations was obtained for an angle of attack
of +5°. Simultaneously, & photographic record was taken of the time-
average -total-pressure losses Iin the weke as indicated by the wake-
survey rake and liquid-in-glass menometers. For same test conditions,
in addition to the dbove data, oscillograph records were taken of pres-~
gsure fluctuations in the wake and on the wing. The osclllograph records
each covered a time interval of sbout 2 seconds, while the visual rec-
ords of the vacuum~tube voltmeter were estlmeted averages for time
intervala of ebout 20 seconds.

Oscillograph records were also taken to détérmine the frequencies

of the pressure fluctuationse. on the surface and in the wake T0O percent
of the chord behind the trailing edge of the NACA 651-213 girfail.
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RESULTS

Characteristics of the wake 0.7T0 chord behind the NACA 23013 airfoil
are shown In figures 8 to 12, and in Pigures 13 toc .17 they are shown for
20-percent chord behind the trailing edge of the wing. The time-average
total-pressure loss, average pressure fluctuations, and, for angles of
attack of 0° and 5°, the meximim pressure fluctuations are plotted in
terms of vertical location. A lerge number of data polnts which define
the total-pressure logs in the wake were omltted; the data points
plotted in the figures are those taken as being representative of the
time-average values. The average pressure fluctuation shown is the
average double amplitude of the fluctuations cbtained by multiplying
the vacuum-tube voltmeter resdings by 1l.k1k, since the vacuum-tube volt-
meter indicates root-mesn-square velues. The maximm pressure fluctu-
etion shown is the average of the three largest peak-to-peak fluctua-
tions on the oscillogreph records.

The zeros of the ordinste scales in figures 8 to 17 represent the
vertical location of the control-surface hinge line. Distances above
and below the hinge line are glven in percent of the airfoll chord and
are positive for locatlions ghove the elevation of the hinge.line. No
ettempt was made to correct measured values of fluctustions for atten-
uation of the oscillograph galvenometer elements because of the large
range of frequencies 1n the data.

The effective stream-angle fluctuatione, as indicated by the upper
and lower pressure cells of the wake survey instrument, are compared with
the time-average total-pressure losg in figure 18 to provide an indica-
tion of the vertical extent of stream~sngle variation. The deta pre-
sented in this flgure were taken at 0.7 chord aft of the NACA 23013 air-
foil. ’

The average effective gtream-angle fluctuation is the average peak-
to-peak values of the fluctuations obtained from vacuum-tube voltmeter
readings multiplied by l.4k1lk. The maximum effective stream-angle
fluctuation is the average of the three largest pesk-~to-peak fluctu-
ations on the oscillograph records.

DISCUSSION
Masgnitude of Pressure Oscilletion in the Wake
Examination of figures 8 through 17 shows that the total-pressure

fluctuations did not extend outside the average wake and that they were
characterized by peak values which always occurred on both sides of the

‘l _ i . o Ii |||I

\
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point of maximum total-pressure loss. Thege peaks occurred where the
gradlents of the total-pressure losses were maximm. 9

At TO-percent chord behind the trailing edge of the model for a 0O°
angle of attack, the avérage and maximum pressure fluctuastions nearly
corresponded and the region of pressure losses was small. With increase
in engle of attack, the region of pressure losses and the intensity of
pressure fluctuations sharply increased. Particularly, the maximum
Pressure fluctuations became of the same order of magnitude as the
total-pressure loss, even though the average pressure fluctuations were
considerebly less. (See figs. 12(c) and 12(d4).)

To indicate the Mach numbers at whilch the magnitude of the pressure
fluctuation suddenly increased, a plot of the largest amplitudes of the
average pressure fluctuations found in the wake TO-percent chord aft of
the trailing edge 1s given as a function of Mach number in figure 19.

It can be seen that the fluctuations held to a fairly constant ampli-
tude until some Mach mumber wes reached sbove which the rate of growth
with further increase of Mach number became very repld. Since the
fluctuations originated on.the wing, e wing buffet boundaery was defined -
at those Mach numbers and 1ift coefficients where the initial increase

in wake pressure fluctuations occurred. The Mach number for each angle N
of attack at which J(sh/q)/M = 0.1 was determined from figure 19.

The corresponding 11ft coefficient was obtained fram unpublished data

for an NACA 23013 airfoil investigated in the Ames 1~ by 3-1/2-foot

wind tunnel. These data were plotted in figure 20 as the wing buffet

boundery.

In addition to this boundary, other curves have been plotted in
figure 20 vwhich have been determined in an entirely different manner.
Horizontal teils at arbitrary vertical locations were assumed to be T0O
percent of the wing chord behind the tralling edge of the NACA 23013
airfoil. The Mach numbers and 1ift coefficients, at which tails in
these assumed locations would be Jjust entering the fluctuating wakes,
were determined from figures 8 to 12. Under these conditions, tail
buffeting could occur snd therefore they asre presented as buffet
boundaries (fig. 20) for the variocus assumed tail locations.

The buffet boundary for a horizontal tail 18 percent of the wing
chord sbove the wing-chord plene and the wing buffet boundary from figure
20 were corrected to an aspect ratio of 5.17, assuming elliptic wing
loading and using the formilas developed in reference 8, page 145. These
buffet boundaries are campared in figure 21 with a flight-determined
buffet boundary of the Grumman F8F airplane. (See reference §.) Thie
alrplane was selected for the comparison because its wing section was -
similar to that of the wind-tumnel model. The F8F airplane has an
aspect ratio of 5.17 with an NACA 23018 root section and an NACA 23009
tlp section. At the quarter-semispan wing location, the wing thickness -
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is about 16 percent. In the vertical plsne passing through this section,
the tall-surface orientation is 0.23-chord length above the wing-chord
line extended, and 1.03-chord length behind the trailing edge of the
wing. The similar trends of the buffet boundaries in figure 21 provide
some indication of correlation even though the wing thickness and the
assumed and actual tail locatione are not exactly the same. Because of
these differences, and since the ailrplane is subject to other three-
dimensional effects, such as the interference caused by the wing-fuselage
Juncture, a more specific comparison of the curves cannot be made.

Effectlive Stream~Angle Fluctuations in the Wake

The effective stream~angle fluctustions were measured for an angle
of attack of 5° for Mach numbers from 0.6 to 0.75 at the test station
0.7 chord behind the trailling edge. Typical of these results are the
dats shown in Pigure 18 for 0.75 Mech number. The severest fluctuations
found in the investigation occurred for these conditions. Figure 18
shows that for these conditions the regions of angle fluctuation and of
total-pressure loss nesrly corresponded. It can be presumed that this
conclusion would hold for lower angles of attack.

The total-pressure-fluctustion and angle-fluctuation data seem to be
at varisnce with previous results since in references 5 and 10 fluctua-
tions were reported to extend beyond the wake boundsries. Wake data pre-
gsented in reference 5 were cbtained 3.1 root chérds behind the leading
edge of a three-dimensional wing, while in the present investigation wake
date were obtained 1.7 root chords behind the leading edge of a two-
dimensional alrfoil. These differences mey account for the sapparent
discrepancies between the results. Although weke dats behind a two-
dimengional airfoil are reported in reference 10, comparison of the
results with those of the present investigation is not possible because
the instrumentetion used by Duncan was insensitive to fluctuations for
angles of attack less than 6° while the maximum angle of attack of the
present investigation was 5°.

The data for total-pressure fluctuations shown in Pigure 12(d) were
obtained under the same conditions as the data shown in figure 18. A
comparison of these figures indicates that the reglons of total-pressure
fluctuations, effective angle fluctustions, and total-pressure loss were
egsentially the seme. Since the measurements of effective or local
angle fluctuation were influenced by the total-pressure fluctuations,
the interrelation or possible mecheniem that would explain the relation
between the two varisbles of total pressure and angle variations has not
been defined. Nevertheless, the regions of maximum fluctuations in the
wake are clearly estszblished.
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Frequencies of Pressure Oscillation on the Wing
and in the Wake

A study of oscillograph records for both models at O° and 4O angle
of attack showed that, unless a perlodic shock motion existed on the wing
as Indicated by wing pressure fluctuations, no prevailing frequency could
be determined from wake data. Rather, the pressure fluctuations were
complex with random high frequencies. The oscillograph trace shown in

figure 5 is typical.

However, with the appearance of a shock oscillation, 1ts frequency
could sometimes be detected in the wake. The appsrent coupling between
shock motion and the pressure pulsations in the wake is i1llustrated in
figures 22(a) and 22(b) for the NACA 23013 and 65;-213 sirfoils, respec-
tively.

The. passage of the ghock wave across the pressure cells at 25 and
35 percent of the chord (fig. 22(a)) results in the typical traces for
these cells indicative of the large pressure change across the shock.
(See reference 6, p.7.) It may be further noted that the pressure
fluctuations along the alrfoll surface are all at the frequency of
shock motion although there is a réadily apparent change in phase or
time lag between any two chord locations. For example, the pressure
fluctuations ahead of and behind the shock wave shown by the traces from
pressure cells at 15 and 50 percent of the chord have an apparent phase
difference of almost 180°. The frequency of shock motion is detectable
in the trace from the center cell of the wake~survey instrument even
though other frequencies of wake pressure fluctustions are present. In
figure 22(b) the frequency of shock motion can be determined from the
pressure fluctuations along the upper surface of the airfoil from 55 per-
cent to TO percent of the chord. The frequency of wake pressure fluctu-
ation corresponding to shock motion 1s more readily apperent in the
right-hend portion of the figure.

The frequency of shock motion on both models appesared intermittent,
any one frequency sometimes persisting for as long as a second and at
other times for only 2 or 3 cycles. Since shock oscillation did not
elways occur during the time interval during which oscillograph data
were recorded, it was not possible to determine the vertical extent of
detectably periodic pressure fluctustions in the wake.

For the NACA 23013 airfoil, periodic shock motion was detected only
for an angle of attack of 4°. At 0.7 Mach number the shock oscillated
at 16 cycles per second, and at 0.725 Mach number the frequency varied
fram 17 to 20 cycles per second. At the higher test Mach numbers, the
shock motion was irregular with no determinable periodicity.
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For the NACA 651-213 sirfoil at 0° angle of asttack periodic shock
motions were indicated only at Mach numbers of 0.725 and 0.75, the
frequencies of the motions being from 41l to B cycles per second. At the
other test Mach numbers no prevailing frequenciles were detected;
rather, the pressure fluctuations were random. At 40 angle of attack
two ranges of frequency of the shock-weve motlon occurred as the Mach
mumber wes changed from 0.70 te 0.775. First, at Mach numbers from 0.70
te 0.725, frequencies of from 20 to 25 cycles per second were easily
discerned as the shock mobion consiestently occurred at a uniform fre-
quency and persisted for as long as a second. Second, at a Mach number
of 0.775 the frequencies were from 45 to 55 cycles per second. However,
at 0.T5 Mach mumber the frequency was not so easily determined inasmuch
as wing-surface pressure fluctuations were irregular. Nevertheless, for
intervals of 2 to 3 cycles the frequency wes fairly constant, the values

ranging from 20 to 55 cycles per second, thus comprising both the #bove
frequency ranges.

The distinct differences in frequenciles between the forward-
cambered, conventional NACA 23013 airfoil (16 to 20 cycles per second)
and the low-drag NACA 651-213 airfoil (20 to 55 cycles per second) can
be related to the gereral differences in pressure distributions of these
two types of airfoils,

The chordwise pressure distribdbution st verious Mech numbers for the
NACA 23015 and NACA 657-215 sections is shown in figures 5(f) and 2(f),
respectively, in reference 1l. Although the airfoils of the present
tegt were 13 percent thick, it is believed that qualitstively the pres-
gure distributions are simllsr to those reported in reference 1ll. The
conventional eirfoil, at U9 angle of attack, has a well-defined minimum-
pressure point shead of the querter-chord station for a Mach mumber
range from below 1o well above the critical. On the other hand, the
minimum-pressure point of the low-drag airfoll at 4 angle of asttack
is near the leading edge at the critical Mach number but rapidly ap-
proaches midchord es the Mach number Iincreases.

A semiempirical equstion for the aerodynemlc or buffeting frequency,
based on the time interval for a pressure impulse at the trailing edge
to propagate forward to the shock position, is presented in reference 3.
The equatlion tekes the form:

e - a(1-Mor)
& - ha

The frequencies were calculated by using the distance to the point of
minimum pressure and. the critical Mach number of the section as recom-~
mended in the sbove report (reference 3, p. 15). For the NACA 23013
airfoil at 4O angle of attack, the computed frequency was 35.9 cycles
per second as compared with 17 to 20 cycles per second from the test
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data. For the NACA 651-213 airfolil at 4° angle of attack the compserison
1s 32 cycles per second from the formula with experimental frequencies
of 20 to 55 cycles per second. At Q° angle of attack, the computed
frequency was k2.5 cycles per second as compared with 41 to 44 cycles
per eecond found in the test records.

While the computed and experimental frequencies do not agree for
the conventional airfoll, i1t appears that the semiempirical equation cen
be used as a first approximation of the primary pressure fluctuaticns in
the wake of the NACA 65;-213 airfoil.

CONCLUDING REMARKS

An experimental investigation has been conducted to determine the
magnitude and other characteristics of the pressure fluctuations in the
turbulent wakes of two~-dimensional ai;foils. .

The measurements indicate that total-~pressure fluctustions occurred
only within the wake, that is, in the region of time-average total-
pressure loss. Also, limited data indicate that, at least for the
severest test condition, angle fluctuations were essentially within this
wake. The maximm pressure fluctuations occcurred on both gides of the
peak pressure loss in that portion of the wake where the pressure-loss

gradients were maximum.

The frequencles of the pressure fluctuations in the wake appeared
random unless periodic shock motion existed on the wing. With the appear-
ance of shock oseillation, the same frequency could sometimes be detected
in the wake. A semiempirical eguation for the aerodynamic frequency does
provide an estimste of the frequency of the primary periodic pressure
fluctuations in the wake of the NACA 651-213 airfoil.

Ames Aeronsutical Laboratory,
National Advisory Coammittee for Aeromautics,
Moffett Field, Calif.
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(a) Front view, (b) Rear view.

Figure |—~Views of test section with fwo-dimensional walls showing model and wake
survey instrument support.
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